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(57) ABSTRACT

An electrical control system for distinguishing between an
electrical fault and a shaft shear condition in a gas turbine
engine, the control system including, in one aspect, a detec-
tion circuit including: two or more probes, each probe includ-
ing an associated resistor having a predetermined range of
resistance, and each probe being disposed in the engine adja-
cent a rotary mounted shaft component, where mechanical
interference between one or more of the probes and the shaft
component renders the associated resistor substantially non-
conductive; sensor processor(s) in communication with each
probe, determining a probe operational status based on a
measured resistance to current conducted through each
probe, and generating a fault code when the measured resis-
tance of at least one of the plurality of probes is not within the
predetermined range of resistance.
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1
ELECTRONIC SHAFT SHEAR DETECTION
CONDITIONING CIRCUIT

TECHNICAL FIELD

The disclosure relates to an electrical control system for
distinguishing between an electrical fault and a shaft shear
condition in a gas turbine engine.

INCORPORATION BY REFERENCE

The entirety of U.S. Pat. No. 7,443,642, Electric Motor
Control, of Kevin A. Dooley, is incorporated herein by this
reference.

BACKGROUND

Shaft shear in a gas turbine engine is a potentially cata-
strophic condition where, for example, the low pressure shaft
has broken, the shaft portions continue rotating and the aft
portion is driven aftward due to gas flow over the low pressure
turbine. Rapid engine shutdown is required and specifically
the fuel supply to the engine must be terminated immediately
to prevent the resulting unloaded turbine from accelerating up
to the turbine burst speed.

To detect shaft shear conditions by, for example, subse-
quent axial motion of the shaft to the aft position, sensors or
probes are positioned in the engine adjacent the rear end of the
shaft. When the shaft collides with the sensors, electronic
controls generate a signal that results in fuel supply termina-
tion and engine shutdown.

Since the shaft shear condition and complete loss of engine
operation are potentially catastrophic to the engine and air-
craft, multiple sensors are installed to provide the necessary
redundancy and reliability.

However any electronic sensor can malfunction due to
internal damage, or the circuit connected to the sensor may be
faulty. The sensors are housed in the engine core surrounded
by the hot gas path, subjected to vibration and adjacent rotary
components operating at high speed.

Therefore there is a need for reliable sensor operation
which can properly detect shaft shear while minimizing false
alarms.

Features that distinguish the present disclosure from the
background art will be apparent from review of the disclo-
sure, drawings and description of the disclosure presented
below.

SUMMARY OF DISCLOSURE

The disclosure provides an electrical control system for
distinguishing between an electrical fault and a shaft shear
condition in a gas turbine engine. The control system includes
a detection circuit with two or more probes, and each probe
includes an associated resistor having a predetermined range
of resistance. Each probe is disposed in the engine adjacent a
rotary mounted shaft component, such as the shaft itself and/
or any bearings or supporting members, etc.; and mechanical
interference between one or more of the probes and the shaft
component renders the associated resistor substantially non-
conductive. For example, during a shaft shear breakage, axial
movement of the shaft typically results in collision with a
probe breaks electrical contact with the resistor. A sensor
processor in communication with each probe determines a
probe operational status based on a measured resistance to
current conducted through each probe, and generates a fault
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2

code when the measured resistance of at least one of the
probes is not within the predetermined range of resistance.

DESCRIPTION OF THE DRAWINGS

In order that the disclosure may be readily understood,
embodiments of various aspects of the invention are illus-
trated by way of example in the accompanying drawings.

FIG. 1 is an axial cross-sectional view through a turbofan
gas turbine engine showing an example of a possible location
for probes at an aft end of the low pressure shaft.

FIG. 2 is a table summarizing the possible conditions and
fault codes resulting from use of two sensor probes.

FIG. 3 is a schematic circuit diagram showing two probes,
a processor and four opto-isolator annunciators.

FIG. 4 is a schematic circuit diagram showing two probes,
a processor and a motor drive processor.

FIGS. 5 and 6 are schematic diagrams of control circuits
configured for control of dual motor devices.

Further details of the invention and its advantages will be
apparent from the detailed description included below.

DESCRIPTION OF EMBODIMENTS

FIG. 1 shows an axial cross-section through a gas turbine
engine 100. It will be understood that the invention is appli-
cable to any type of engine with a combustor and turbine
section such as a turbo-shaft, a turbo-prop, or auxiliary power
units. In the embodiment shown, air intake into the engine
passes over fan blades 1 in a fan case 2 and is then split into an
outer annular flow through the bypass duct 3 and an inner flow
through the low-pressure axial compressor 4 and high-pres-
sure centrifugal compressor 5. Compressed air exits the com-
pressor 5 through a diffuser 6 and is contained within a
plenum 7 that surrounds the combustor 8. Fuel is supplied to
the combustor 8 by fuel pump(s) 22, and is mixed with air
from the plenum 7 when sprayed through nozzles into the
combustor 8 as a fuel air mixture that is ignited. A portion of
the compressed air within the plenum 7 is admitted into the
combustor 8 through orifices in the side walls to create a
cooling air curtain along the combustor walls or is used for
cooling to eventually mix with the hot gases from the com-
bustor and pass over the nozzle guide vane 10 and turbines 11
before exiting the tail of the engine as exhaust.

FIG. 1 shows a possible location of a probe 12 aft of the low
pressure shaft to detect rearward movement of the shaft as a
result of a shaft shear event such as whole or partial shaft
failure. Two probes 12 are used to minimize the number of
probes 12 while providing high reliability to distinguish over
false detection of shaft shear failures or other conditions. FIG.
3 is a schematic circuit diagram showing two probes 12, a
sensor processor 13 and four opto-isolator annunciators 14.
FIG. 4 is a schematic circuit diagram showing the two probes
12, the processor 13 and a motor drive processor 15.

The applications describes an electrical control system for
distinguishing between an electrical fault and a shaft shear
condition in a gas turbine engine as follows. The detection
circuit includes two or more probes 12, ideally minimized to
only two probes as illustrated. Each probe includes an asso-
ciated resistor 16 having a predetermined range of resistance,
for example approximately 120 Ohms plus or minus an allow-
able variation.

As shown in FIG. 1, each probe 12 is disposed in the engine
rearwardly adjacent the rotary mounted low pressure shaft. In
the event of shaft shear or breakage, the aft portion of the
broken shaft will move aftward as a result of the un-reacted
axial force of the turbine. Axial movement results in mechani-
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cal interference between one or both of the plurality of probes
12 and the broken shaft portion.

When two probes 12 are used, it is very unlikely that either
of the probes 12 will survive a collision from the shaft and
remain intact. The mechanical interference renders the asso-
ciated resistor 16 in each probe 12 to be ruptured and becomes
substantially non-conductive. The loss of a predetermined
level of resistance in both probes 12 can be used to determine
whether a true shaft shear failure has occurred, since both
probes 12 will be damaged by the impact of the shaft portion.
When both probes 12 are inoperable, a shaft shear may be
diagnosed as the cause and the engine, fuel pump(s) 22, and
other system components may be shut down.

In the event that one probe remains operational, with cur-
rent in the associated circuit encountering the predetermined
resistance of the resistor 16, then it is likely that no shaft shear
has actually occurred, and that the loss of resistance in the one
inoperative probe 12 is attributable to a short circuit in the
inoperative probe 12, failure of the inoperative probe 12, or
other damage to the circuit connected to the inoperative probe
12.

One or more sensor processors 13 in communication with
probe(s) 12 can determine the operational status of each
probe 12 based on the presence or absence of the measured
resistance to current conducted through each probe 12. When
a measured resistance of at least one of the probes 12 is not
within a predetermined range of resistance, the sensor pro-
cessor 13 can generate one of a series of possible applicable
fault codes, and cause engine and/or system controller(s) to
take appropriate action, as for example indicated in FIG. 2.

In the summary presented in FIG. 2, all possible combina-
tions of the operational condition of an embodiment of a
probe circuit are shown. In the illustrated example there are
two probes 12, and each probe 12 can have one of four
conditions, namely: “R” operational (good condition —-120
Ohms predetermined resistance detected within allowable
range); “S” short circuit (zero resistance); “O” open circuit
(infinite resistance); and “-” circuit damage (resistance
detected by above or below predetermined allowable range).

A combination of two probes 12 and four possible condi-
tions results in sixteen possible states i.e.: 4x4 states, num-
bered 0-15 as shown in FIG. 2. When both probes 12 indicate
operation within a predetermined range of resistance “R”
(state #15), no fault code is generated. A no-fault code can
indicate that no mechanical interference between the shaft
and probes 12 has occurred, and that the resistors 16 of each
of the two probes 12 remain intact.

When the measured resistance of one probe is not within
the predetermined range of resistance and the measured resis-
tance of another probe is within the predetermined range of
resistance, these conditions can indicate that no mechanical
contact or interference of a major type has occurred and the
cause is some type of electrical fault, like a short circuit or
probe 12 failure. In such a condition, the fault code generated
by the sensor processor 13 can be an “engine warning” code.
In such a state the engine would not be shut down automati-
cally, but the pilot or operator of an affected aircraft or other
vehicle may be warned that a probe 12 or the associated
circuit has malfunctioned. However, one remaining probe 12
continues to operate normally by offering resistance to cur-
rent at the predetermined range of resistance.

As shown in FIG. 2, a variety of “engine warning” fault
codes may be generated when one probe 12 is in good con-
dition while a second probe 12 is not.

When the measured resistance of multiple, or all, probes is
not within a predetermined range of resistance, the fault code
generated by the sensor processor would be an “engine shut-
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down” code indicating a shaft failure, configured to cause,
directly or indirectly, shutdown of the engine, fuel system,
and/or other systems or components, as appropriate. For
example, in a two-probe system, whenever both probes 12
indicate that the resistance measured is outside of the prede-
termined allowable range (e.g., approx. 120 Ohms) then nei-
ther probe 12 can be relied on to be operating properly. The
exact cause is unknown, however either mechanical impact
has occurred or there is an electric malfunction or both. These
conditions are considered unacceptable for continued engine
operation and an “engine shutdown” fault code is generated.

Four possible operating conditions for each probe system
are as follows. When the electrical control system detects that
the measured resistance is substantially equal to zero, the
sensor processor determines the probe operational status as
one of: short circuit; and probe failure that bypasses the
resistor 16. When the measured resistance is one of: greater
than zero and less than the predetermined range of resistance;
and greater than the predetermined range of resistance and
less than substantially infinite resistance; the sensor processor
determines the probe operational status as: circuit damage.
When the measured resistance is substantially infinite, the
sensor processor determines the probe operational status as
one of: open circuit; and probe failure that prevents current
flow.

As shownin FIG. 3, an alternative embodiment includes an
electrical control system where the detection circuit includes
a fuel shutdown circuit in communication with the sensor
processor 13. The shutdown circuit includes a plurality of
opto-isolators 14 in communication with the sensor processor
13, for signaling output fault codes to associated displays and
equipment controls in an electrically isolated manner.

As shown in FIG. 4, another alternative embodiment
includes an electrical control system where the detection
circuit includes a motor drive processor 15 in communication
with the sensor processor 13. The motor drive processor 15
can control fuel pump(s) 22 and other equipment automati-
cally to rapidly shutdown the gas turbine engine to prevent
catastrophic failure. Control of such pumps and/or equipment
by a motor drive processor 15 can be accomplished through
use of suitably-configured command signals generated by
one or more sensor processors, based on assessment of the
resistance of one or more of the plurality of shear detection
probes. Such signals may be associated with the various
operational or failure codes generated by the sensor pro-
cessor(s) 13 based on determination of the resistances asso-
ciated with the probe(s) 12.

An embodiment of an electrical system configured for
controlling shutdown of a fuel pump 22 of, for example, a gas
turbine 100, using shaft shear detection probe(s) 12 in accor-
dance with, for example, FIG. 4, is shown in FIG. 5. FIG. 5
shows a redundancy arrangement in which two motors 24 are
co-mounted on the same fuel pump drive shaft 66, and driven
by suitable motor drives 15, each in communication with a
system controller 13, and operated as described above and in
the incorporated reference. An advantage offered by use of a
duel motor arrangement for the pump is that, as described in
the incorporated reference, if one motor 24 should fail in a
short circuit, open circuit or ground (whether in the motor
itself or the drive electronics or lead wires), the drive(s) 15
preferably adjust control of the remaining motor 24 (or
motors 24, if there are more than two motors provided in total,
and two or more are to remain operational in the event of the
shutdown of one) to compensate for the resulting loss in
torque, and the failed motor is no longer driven. The control-
ler 13 provides the appropriate control to motor drives 15. As
described above, a failed motor is also in effect disconnected,
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by bringing current flow in its windings to zero, resulting in
the impedance of the main phase windings of the failed motor
increasing to a high value, as previously described, such that
the drag torque due to a short circuit type failure is minimized.

As described herein, in the event of a failure of one or more
probe(s) 12, and generation by processor 13 of a correspond-
ing fault code as shown in FIG. 2, suitably-configured fault
code signals may be provided to either or both of motor drives
15 to cause shutdown of, for example, both motor 24, and
therefore the fuel pump 22.

The sensor and circuit arrangements shown in FIGS. 4 and
5 allow for shut down of either or both of electrical fuel pump
drive motors 24 using, for example, a single pair of sensors.
Such sensor arrangements, in conjunction with such dual
channel electrical architectures, provide continued shaft
shear protection even in the event that one of the two sensors
have failed or have not failed and or one of the two drives have
failed. This can for example be achieved with a single pair of
sensors shared between two separated drives.

FIG. 6 shows an example of a control scheme for a motor
drive 15 for driving a motor 24 in, for example, a dual-motor
drive fuel pump 22 such as that shown in FIG. 5. As described
in the incorporated reference, motor 24 of FIG. 6 depicts only
a single control winding for the 3 phases of its associated
phase winding set.

The motor 24 is driven by a motor drive 15, which can as
shown comprise a 3-phase H-bridge commutation circuit 70
driving the phase windings 32 of the motor 24. Such a com-
mutation scheme is preferably a six step 120-degree overlap-
ping scheme in a “drake before break” sequence. This
sequence in conjunction with a feedback diode 73 can reduce
high amplitude voltage spikes occurring at the input of the
inverter section of the H-bridge commutation circuit 70 due to
the inductive effect of the control winding 34 of a motor 24.
Current flow to the motor 24, and thus the motor’s torque and
speed, can be adjusted using a suitable pulse width modulated
supply system or “buck regulator” circuit 72 connected to
control winding 24 of the motor 10. The buck regulator may
be any suitable circuit. The skilled reader will appreciate that
buck regulators typically require a filter inductor as an
energy storage device for stepping down the voltage level. In
such a configuration, the buck regulator 72 uses the control
winding(s) 24 as its inductor, thus eliminating the need for an
additional inductor, and consequently reducing the weight of
the buck regulator 72. This filter inductor replacement role of
the control winding may dictate design features of the control
winding, as the designer will consider the buck regulator
requirements as well as the motor requirements in providing
a suitable control winding configuration. The output of the
control winding 24 is connected to the inverter section of the
H-bridge commutation circuits 70, such that a DC-current in
the control winding 24 becomes AC current to the phase
windings 22 of the motor 10.

A feedback 82 of the drive current level is provided to a
buck regulator controller 74 using a current sensor 76. The
buck regulator and controller may be of any suitable type,
including types well-known to the skilled reader which need
not be discussed further here.

In use, the buck regulator 72 varies the current flow to the
phase windings 32 of the motor 24, and thus controls the
torque and speed of the motor 24, based on an input torque/
speed request 78, such as a fault code signal, received from
system controller 15. Current is provided from a DC source
80 to the phase windings 22, via the control winding 24, as
already described.

Referring again to FIG. 5, in a dual motor arrangement for
a fuel pump or other component, both motors 24 and their
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associated controllers 15 may be arranged as described with
reference to FIG. 6, to provide a dual-redundant motor sys-
tem. To enhance redundancy protection, preferably separate
DC sources 80 are provided for each motor system.

In a normal operation mode of dual motors 24 in such an
arrangement, the drive 15 to each motor 10 is adjusted so that
the motors contribute in desired proportions to the torque
delivered to shaft 66, and the shaft rotates at a desired speed
to drive the fuel pump 22, as instructed by system controller
13. Both motors 24 are preferably driven and/or in appropri-
ate conditions shut down concurrently to provide torque or
stop fuel flow. When a higher efficiency operation or higher
power operation is desired, the respective drives 15 can be
adjusted accordingly to adjust the contribution proportion of
each motor 24.

Further details of operation of such a dual redundant sys-
tem according to FIGS. 5 and 6 are provided in the incorpo-
rated reference.

Thus, as summarized in FIG. 2, in some embodiments the
engine electrical control system includes preferably only two
probes 12, wherein each probe 12 is measured to determine its
resistance and determine the probe operational status selected
from: “R” no-fault; “S” short circuit; “O” open circuit; and
“-” circuit damage. Four opto-isolators 14 signal the status
receiving communication from the sensor processor 13 or
optionally a motor drive processor 15 is employed.

Although the above description relates to a specific pre-
ferred embodiment as presently contemplated by the inven-
tor, it will be understood that the invention in its broad aspect
includes mechanical and functional equivalents of the ele-
ments described herein.

We claim:

1. A circuit useful for distinguishing between an electrical
fault and a shaft shear failure in a gas turbine engine, the
circuit comprising:

a plurality of probes, each probe associated with a respec-

tive resistor having a predetermined range of resistance,
and each probe being disposed in an engine adjacent a
rotary mounted shaft component, whereby mechanical
interference between any of the plurality of probes and
the shaft component renders the corresponding associ-
ated resistor substantially non-conductive; and

at least one sensor processor configured to determine an

operational status of each probe, based on a measured
resistance to current conducted through each probe, and
to generate a fault code when the measured resistance
associated with at least one of the plurality of probes is
not within the predetermined range of resistance;
wherein the fault code generated by the at least one sensor
processor is indicative of a shaft shear failure when the
measured resistance to current conducted through each
of the plurality of probes is substantially infinite;
wherein:
when the measured resistance associated with at least
one probe is not within the predetermined range of
resistance; and
when the measured resistance associated with at least
one other probe is within the corresponding predeter-
mined range of resistance;
the fault code generated by the sensor processor is an
engine warning code.
2. The circuit of claim 1 wherein:
when the measured resistance associated each of the plu-
rality of probes is not within the corresponding prede-
termined ranges of resistance;

the fault code generated by the sensor processor is an

engine shutdown code.
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3. The circuit of claim 1 wherein when the measured resis-
tance is substantially equal to zero, the sensor processor
determines the probe operational status as one of: short circuit
and probe failure.

4. The circuit of claim 1 wherein

when the measured resistance is one of: greater than zero

and less than the corresponding predetermined range of
resistance; and greater than the corresponding predeter-
mined range of resistance and less than substantially
infinite resistance;

the sensor processor determines the probe operational sta-

tus as: circuit damage.

5. The circuit of claim 1 wherein when a measured resis-
tance is substantially infinite, the sensor processor determines
a probe operational status as one of: open circuit; and probe
failure.

6. The circuit of claim 1, comprising a motor drive proces-
sor in communication with the at least one sensor processor.

7. The circuit of claim 1, comprising a fuel shutdown
circuit in communication with the at least one sensor proces-
sor.

8. The circuit of claim 7, wherein the fuel shutdown circuit
provides for shutdown of a fuel pump comprising a plurality
of drive motors.

9. The circuit of claim 1, comprising at least one opto-
isolator in communication with the at least one sensor pro-
Cessor.

10. The circuit of claim 9, comprising four opto-isolators in
communication with the at least one sensor processor.

11. The circuit of claim 1 comprising two probes.

12. The circuit of claim 11 wherein each probe is associable
by the at least one sensor processor with a probe operational
status selected from the group consisting of: no-fault; short
circuit; open circuit; and circuit damage.

13. A turbine engine comprising a circuit useful for distin-
guishing between an electrical fault and a shaft shear failure
in a gas turbine engine, the circuit comprising:

a plurality of probes, each probe associated with a respec-

tive resistor having a predetermined range of resistance,
and each probe being disposed in an engine adjacent a
rotary mounted shaft component, whereby mechanical
interference between any of the plurality of probes and
the shaft component renders the corresponding associ-
ated resistor substantially non-conductive; and

at least one sensor processor configured to determine an

operational status of each probe, based on a measured
resistance to current conducted through each probe, and
to generate a fault code when the measured resistance
associated with at least one of the plurality of probes is
not within the predetermined range of resistance;
wherein the fault code generated by the at least one sensor
processor is indicative of a shaft shear failure when the
measured resistance to current conducted through each
of the plurality of probes is substantially infinite;
wherein:
when the measured resistance associated with at least
one probe is not within the predetermined range of
resistance; and
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when the measured resistance associated with at least
one other probe is within the corresponding predeter-
mined range of resistance;

the fault code generated by the sensor processor is an
engine warning code.

14. A method of monitoring shaft shear failure in a gas
turbine engine, the method performed by one or more pro-
cessors, each processor communicatively linked with at least
one of a plurality of probes, each probe comprising a respec-
tive resistor and being configured to provide a substantially
open circuit in the event of a whole or partial shaft shear
failure; the method comprising:

comparing a measured resistance of each of the plurality of

probes with a corresponding predetermined range of
resistance; and

generating a fault code when at least one of the measured

resistances associated with at least one of the plurality of
probes is not within the corresponding predetermined
range of resistance;

wherein the fault code generated is indicative of a shaft

shear failure when the measured resistance to current
conducted through each of the plurality of probes is
substantially infinite;

wherein:

when the measured resistance of at least one probe is not
within the predetermined range of resistance; and

when the measured resistance of at least one other probe
is within the corresponding predetermined range of
resistance,

generating an engine warning code.

15. The method of claim 14, comprising: when the mea-
sured resistance of each of the plurality of probes is not within
the corresponding predetermined ranges of resistance, gen-
erating an engine shutdown code.

16. The method of claim 14, comprising: when the mea-
sured resistance of at least one of the probes is substantially
equal to zero, generating at least one of a short circuit code
and a probe failure.

17. The method of claim 14, comprising,

when the measured resistance of at least one of the plurality

of probes is one of: greater than zero and less than the

corresponding predetermined range of resistance; and

greater than the corresponding predetermined range of

resistance and less than substantially infinite resistance;
generating a circuit damage code.

18. The method of claim 14, comprising, based on the
comparing a measured resistance of each of the plurality of
probes with a corresponding predetermined range of resis-
tance: providing to a motor drive processor communicatively
linked to the at least one processor a control signal.

19. The method of claim 18, wherein the control signal
comprises a signal adapted to cause shutdown of a fuel sys-
tem.

20. The method of claim 19, wherein the fuel system com-
prises a fuel pump driven by a plurality of motors.
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